The interannual variability of intrusions of the Kuroshio into the South China Sea (SCS) is investigated using satellite remote sensing data supported by in-situ measurements. The mesoscale circulation of the SCS is predominantly wind-forced by the northeast winter and southwest summer monsoons. Although the region has been stud- fall, there is a transition period between the two monsoons. The onset and length of the transition period vary each year. Wind magnitudes from the National Aeronautics and Space Administration (NASA) QuikSCAT scatterometer show peak seasonal wind speeds of 11 m/s in winter and 8 m/s in summer. The more powerful winter winds are distributed across the basin while summer winds are more pronounced in the southern part of the SCS near Vietnam. These seasonal monsoon winds also drive mesoscale circulation variability in the SCS (see review by Hu et al., 2000; HU hereafter) .
The first detailed description of the SCS physical oceanography was given by Wyrtki (1961) . In this monograph, Wyrtki describes distinct annual variations of the oceanographic observations related to the seasonal monsoon. Numerous studies have verified the seasonality of the circulation in the upper layer of the SCS using insitu data (e.g., Qu, 2000 Qu, , 2001 , numerical models (e.g., Chu et al., 1997 Chu et al., , 1999a and remote sensing (e.g., Ho et al., 2000; Hwang and Chen, 2000; Jia and Liu, 2004) . Although primarily wind-driven, the mesoscale variabil-
Introduction
The South China Sea (SCS) is a large marginal sea subdivided by large and small islands with multiple passages and channels. The bathymetry is characterized by vast shelf regions in the west and a deep basin in the east (Fig. 1) . The major passage is Luzon Strait located between Luzon and Taiwan with sill depths in the range of 1000-2500 m. Taiwan Strait is much shallower, with depths between 50 and 100 m.
The general circulation in the SCS is largely seasonal and is driven primarily by the distinct seasonal monsoon winds. In winter (November-February; cf. Lu and Chan, 1999) , the strong northeast monsoon winds dominate the region and produce a cyclonic circulation. In contrast, in summer (June-August), the weaker southwesterly monsoon winds set up a weaker anticyclonic circulation across the basin (Chern and Wang, 2003) . In spring and ity in the northeast SCS is more complex. Circulation on this scale is influenced by Kuroshio intrusions via the Luzon Strait, interannual variability of monsoon forcing, and flows through the Taiwan Strait to the East China Sea. Intrusions of the Kuroshio into the SCS have also been addressed using in-situ data (e.g., Qu et al., 2000; Centurioni et al., 2004) , numerical models (e.g., Metzger and Hurlburt, 2001 ) and remote sensing (e.g., Ho et al., 2004) . HU noted that Kuroshio intrusions may have different appearances, including a direct path, a loop path, an eddy-shedding path, and a leaping (non-intrusion) path. Several mesoscale features were also described by HU, including an SCS branch of the Kuroshio, a loop current, a cyclonic eddy west of Luzon Island and a seasonally reversing Guangdong Coastal Current along the coast of China.
Several potential forcing mechanisms exist for the Kuroshio intrusion: Farris and Wimbush (1996) suggested that a wind stress of sufficient duration and magnitude was required to initiate an intrusion; Metzger and Hurlburt (2001) found that the intrusion was sensitive to mesoscale flow instabilities and not related to wind stress or curl; and Sheremet (2001) concluded that the primary balance governing the Kuroshio flow across the Luzon Strait was between the beta effect carrying flow to the west and inertia carrying flow across the strait. Liang et al. (2003) found a poor correlation between upper ocean currents around Taiwan and local winds. Qu et al. (2005) implied that the variability of the intrusion was primarily forced by large-scale wind over the Pacific.
The Asian Sea International Acoustics EXperiment (ASIAEX) program was conducted in the northeast SCS to investigate the regional mesoscale water structure and currents and their influence on acoustic propagation across the shelf break Dahl et al., 2004) . As part of ASIAEX, two intensive, high-resolution hydrographic surveys were conducted in the spring of 2000 and 2001 (Fig. 1; Gawarkiewicz et al., 2004) . These two field programs identified a different distinct mesoand sub-mesoscale circulation pattern in each year. In 2000, a strong anticyclonic circulation was present with strong northeastward flows along the shelf break, while in 2001, the flow was predominantly cyclonic with weak southwestward flows. This raises two key questions: were either of these two circulation patterns typical for this region? And were they influenced by Kuroshio intrusions?
In this paper we describe the interannual variability in the northeast SCS using satellite data verified by insitu measurements. In particular, we demonstrate the variability of intrusions of the Kuroshio into the region during winter (December through February). Summer intrusions are not considered since it is difficult to distinguish intrusions from wind-generated eddies. Yuan et al. (2006) identified several summer loop currents using altimeter data and suggest that these events may be due to a nondeterministic process presented by Metzger and Hurlburt (2001) . Section 2 describes the satellite and in-situ data used in this analysis. Section 3 presents the mean state, while Section 4 contrasts the surface conditions for two different winters. In Section 5 we present a characterization of the interannual trends of the mesoscale features during the eight winters between 1997 and 2004. A description of the wintertime atmospheric variability is presented in Section 6. The results are discussed in Section 7, which includes a timeline of events.
Data
We used multiple satellite measurements to investigate mesoscale variability in the SCS. Microwave-based sea surface temperatures and altimeter-derived geostrophic velocities were used to identify surface fronts and eddies. The two field programs conducted in April 2000 and May 2001 were used to validate the mesoscale structures identified by the satellite data. Wind stress and wind stress curl derived from scatterometer winds were used to identify potential forcing mechanisms. Ocean color was used to verify interannual variability in Sea Surface Temperature (SST). A description of each data set is presented next.
Sea surface temperature data
We obtained daily sea surface temperatures gridded to 25-km resolution from the Tropical Rainfall Measuring Mission Microwave Imager (TMI) (Gentemann et al., 2004) . TMI data are produced by Remote Sensing Systems and sponsored by the NASA Earth Science REASoN DISCOVER Project and are available from December 1997 to the present.
Daily and monthly Advanced Very High Resolution Radiometer (AVHRR) 4-km SST data were also acquired. These data are from version 5.0 of the National Ocean Data Center/Rosenstiel School of Marine and Atmospheric Science Pathfinder data set. Data are available from 1985 to the present. The frequency of cloud contamination in the AVHRR data made tracking the evolution of fronts and eddies in the region impractical. Therefore, we relied on the TMI data in our analysis.
Sea surface height data
Altimeter-derived Sea Surface Height (SSH) and Sea Surface Height Anomalies (SSHA) have been used extensively to study the characteristics of the upper ocean circulation in the SCS (e.g., Ho et al., 2000; Hwang and Chen, 2000; Morimoto et al., 2000; Yang and Liu, 2003) . Optimally interpolated 1/3° resolution gridded SSH and SSHA data (Le Traon et al., 1998) from merged TOPEX/ Poseidon, Jason-1, and ERS data were used to derive surface geostrophic currents. These data are available at the Archiving, Validation and Interpretation of Satellite Oceanographic Data (AVISO) web site (http://wwwaviso.cls.fr/html/portail/general/welcome_uk.php3). These maps were used to calculate geostrophic velocity (GV) and geostrophic velocity anomaly maps (GVA) using the geostrophic balance:
where f is the local Coriolis parameter, g is the acceleration due to gravity, ζ is the SSH or SSHA, and u and v are the zonal (x) and meridional (y) components of the velocity anomaly. Both SSH and SSHA data were analyzed to eliminate any misinterpretation due to any geoid inaccuracies present in the mean SSH. There were no qualitative differences in the intrusion characteristics using these two fields.
Surface wind data
Although a large number of wind products exist for the region, significant differences exist in the patterns (Metzger, 2003) . Wind fields from a numerical model, a satellite and a blended product were used in this study as representative of the spatial and temporal scales of available wind fields. The numerical model winds were from the National Centers for Environmental Prediction (NCEP) Reanalysis (Kalnay et al., 1996) with a nominal resolution of 1.875°. The satellite winds from QuikSCAT have a spatial resolution of 0.25° and contain time-varying gaps resulting from the satellite sampling period. The blended product combines the NCEP and QuikSCAT winds to provide a 0.5° wind field every 6 hours (http://dss.ucar.edu/datasets/ds744.4).
Weekly and monthly average wind stress and wind stress curl fields were derived from the QuikSCAT satellite scatterometer at 25-km resolution. QuikSCAT level 2B winds were obtained from the Physical Oceanography Distributed Active Archive Center at the Jet Propulsion Lab. The winds with flags indicating rain or land were removed and wind stress (τ) and wind stress curl (∇ × τ) were calculated for each orbit prior to gridding and averaging. The 10-m scatterometer winds were converted to stresses using the neutral drag coefficient algorithm from Large and Pond (1981) .
Ocean color data
Monthly averaged chlorophyll-a concentrations from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) were obtained from the Goddard Space Flight Center. The basin of the northeast SCS generally has low chlorophylla concentrations. The warm, saline water associated with Kuroshio intrusions may be visible as decreased chlorophyll-a concentrations. Since SeaWiFS data are obscured by clouds, it is impractical to consistently detect the extent of an intrusion.
In-situ data
Although the ASIAEX field effort was focused near the shelf break, broad-scale surveys were also conducted and provide velocity profiles from the shipboard Acoustic Doppler Current Profiler (ADCP) and temperature and salinity profiles from a towed SeaSoar (Gawarkiewicz et al., 2004) . We directly compared the satellite estimates of SST and surface geostrophic velocities with these insitu measurements. Based on this comparison, the altimeter and SST measurements can be used together to locate and track mesoscale features in the region. The complementary nature of the two instruments is helpful in interpreting specific features in the region.
The high-resolution SeaSoar measurements were taken along the shelf and slope between 116.2°E, 21.2°N and 118.6°E, 22.6°N (Fig. 1) . A broad-scale survey was also conducted each year in the deep basin southwest of Taiwan (Fig. 1) . Oceanographic conditions in the spring of 2000 and 2001 were remarkably different. During the pilot cruise in April 2000, analysis of the ADCP data identified an anticyclonic eddy on the edge of the study area.
Shelf water was cool and fresh, while warmer, saline Kuroshio water properties were detected in the offshore section along the shelf break along with strong northeastward flows. In contrast, the flow was predominantly cyclonic in 2001 with southwest flow over the slope. The water properties along the shelf and slope were similar in 2001, but were different in 2000 due to the presence of Kuroshio water within the intrusion. In both cases, the cruises took place during the transition period between the winter and summer monsoons. The water mass differences between the two years reflect the long-term effects of different forms of Kuroshio intrusions during the previous winters.
The broad-scale surveys were used to directly compare the fronts and eddies identified by the satellite observations. During the April 2000 pilot cruise, a large cyclonic eddy was sampled west of the Luzon Strait along 120°E between 20°N and 22°N (Fig. 2) . The temperature profiles measured by SeaSoar clearly show a doming of the 20°C isotherm near the center of the section through the cyclonic eddy. The ADCP vectors indicate a cyclonic circulation around 120°E.
Seasonal Variability
Sea surface temperature variability in the SCS is primarily seasonal (see Chu et al., 1997 for a detailed description). In the long-term annual mean, isotherms are oriented southwest to northeast with cooler temperatures along the coast of China. The winter mean is similar to the annual mean, with stronger gradients. During the summer, the sea surface temperature is nearly uniform across the basin. The fall and spring mark the transitions between these two regimes as the gradients develop during the fall and erode during the spring. The mean surface circulation in the SCS is not well known quantitatively. Qualitatively, there is a cyclonic circulation in winter and an anticyclonic circulation in summer. (See HU for a list of papers corroborating this seasonal reversal.) Using a numerical model, Chern and Wang (2003) suggest that the northern SCS has a cyclonic circulation all year. Drifter climatology from a limited number of drifters from the National Oceanic and Atmospheric Administration (NOAA) Global Drifter Archive estimates a mean cyclonic circulation of ~0.2-0.3 m/s. Geostrophic velocities computed from the Goddard Space Flight Center Mean Sea Surface GFSC00.1 show similar results. The altimeter summer anomalies are sufficiently small that a mean cyclonic circulation of this order would result in a cyclonic circulation in the northern SCS throughout the year.
The satellite-derived surface parameters in the SCS all have strong seasonal signals that vary spatially over the region. The amplitude of the annual harmonic of each parameter has a similar structure as the spatial mean. The SST harmonic maximum varies from July 9 off the coast of Vietnam to August 8 along the coast of China with a spatial pattern similar to the mean. In the study region west of the Luzon Strait, the maximum peaks between July 16 and August 1. The annual harmonic for SSHA varies more than SST over the basin. The SSHA harmonic maximum varies from spring/summer in the central part of the basin to fall/winter around the rim of the basin. The southern part of the study region had a peak in July in connection with the central part of the basin. The northern part of the study region peaked in November in connection with the rim of the basin. The annual harmonics for the wind speed wind stress curl reflect the strong seasonal monsoon winds. The wind stress curl amplitudes peak in the winter over the most of the basin and during the summer along the coast. The study region is dominated by the curl generated by the winter monsoon winds passing Luzon and Taiwan Islands.
Winter Variability
The evolution of Kuroshio intrusions over eight winters has been analyzed using sequences of SST images combined with GV vectors computed from SSH maps. Qualitatively the GV and GVA maps are similar and any error in the mean SSH does not alter the interpretation of the mesoscale features. Occasionally, the mean will mask part of an eddy and is usually clarified by the concurrent SST. The sequences begin in December 1997 (with the launch of the Tropical Rainfall Measuring Mission (TRMM) satellite, thus providing all-weather SST coverage) and extend through December 2003. Intrusions exhibit a variety of characteristics over the eight winters. While short-term variability of SSH and SST introduces transient anomalies, the different types of intrusions described by HU were found.
In this paper we classify three primary types of intrusions and three secondary patterns of circulation (Fig.  3) . A type 1 intrusion represents the winter mean path of the Kuroshio, with a clockwise bend into but not through Luzon Strait, thus this type does not cause any direct penetration of Kuroshio water west of 120.5°E. Two types can be classified by the position of the peak westward velocity anomaly across the Luzon Strait. A southern intrusion (type 2) is identified by a clear signal in both the GV and SST fields south of 21.25°N that penetrates into the basin. A northern intrusion (type 3) is characterized by a maximum westward current in the northern part of the Luzon Strait and results in a small cyclonic circula- is an anticyclonic loop current that penetrates into the basin before returning to the mean path. Type 2c (long dashed) is an anticyclonic eddy that has detached from a type 2b intrusion. Type 3 (thin, solid) enters in the northern part of the strait and forms a cyclonic circulation before returning to the mean path.
tion southwest of Taiwan. The type 2 intrusion can result in three different secondary circulation patterns (Fig. 3) . Type 2a represents the South China Sea Branch of the Kuroshio (SCSBK) and flows into the basin and southwestward along the shelf break. Type 2b produces an anticyclonic loop current that eventually returns to a type 1 intrusion. Type 2c initially appears to be a type 2b pattern, except that an anticyclonic eddy detaches before returning to a type 1 intrusion. Intrusions can evolve between the different types before returning to the mean state. The winter circulation patterns of 1997-1998 and 2002-2003 nicely demonstrate the contrasting characteristics of the southern (type 2) and northern (type 3) intrusions differentiating the two winters preceding the ASIAEX field programs.
Southern intrusion in the 1997-1998 winter
The winter of 1997-1998 was the first winter when altimeter and TMI measurements were available simultaneously. Incidentally, this winter had a strong southern (type 2) intrusion that was evident in both GV and SST data. In early December warm Kuroshio water was flowing west-northwestward through the Luzon Strait near 20.75°N. The intrusion bifurcated near 118°E, 22°N between the 100-m and 1000-m isobaths. Part of the intrusion continued westward along the 100-m isobath, while part looped back eastward along the 100-m isobath south of Taiwan. The intrusion elongated and reached west of 118°E on December 24, 1997 (Label 1, Figs. 4(a) and 5(a)). A loop current appeared to be forming with strong westward velocities between 20° and 21°N and strong return currents between 21° and 22°N. During the next two weeks the intrusion evolved into a detached eddy. By December 31, a well defined loop was visible and had begun to detach from the intrusion. An elongated anticyclonic eddy had detached by January 7, 1998, which was clearly defined by the velocity anomaly fields and sea surface temperature. This eddy was most clearly defined on January 14, 1998 (Label 2, Figs. 4(b) and 5(b)) as it began moving southwest along the shelf break between the 100-m and 1000-m isobaths. During January, the intrusion shifted northward to become a type 3 intrusion. A cyclonic cold core eddy formed between the warm anticyclonic eddy and Taiwan, drawing cold water off the shelf and into the basin. The cyclonic and anticyclonic eddies were well defined on January 14 and translated to the southwest while continuing to draw cold shelf water into the basin and warm basin water northeastward. This intrusion remained a type 3 intrusion through March. A rough estimate of the eddy translation speed can be made using the approximate eddy center of GVA and SST, which resulted in seven eddy locations with an average phase speed of 11 km/d. 
Northern intrusion in the 2002-2003 winter

Interannual Variability
Comparison between the winters of 1997-1998 and 2002-2003 illustrate the extent of the mesoscale circulation variations during the northeast winter monsoon season. This section summarizes the winter circulation patterns categorized by the location of the intrusions. The interannual variability of the winter intrusion events makes interpretation of short-term, in-situ measurements difficult. The satellite data indicate that the predominant pattern is the mean (type 1) state. The southern intrusion (type 2) is the next most prevalent state and can appear as a variety of mesoscale patterns. The northern intrusion (type 3) is less frequent, but may be the only type of intrusion that occurs for an entire winter.
There was a range of characteristics for the type 2 intrusion, including direct branches, loop currents and detached eddies. Counter-rotating eddy pairs also developed in response to intrusion events. A summary of the intrusion events is presented in Table 1 and a description of eddy activity is given in Table 2 . Southern (type 2) intrusions occurred during five of the winters between 1997-1998 and 2004-2005 while northern (type 3) intrusions occurred during three winters.
Southern intrusions (type 2)
Southern (type 2) intrusions occurred during the winters of 1997-1998, 1998-1999, 1999-2000, 2003-2004 and 2004-2005 . The southern intrusions are described briefly here and contrasted with the 1997-1998 intrusion described in detail in Subsection 4.1.
The intrusion observed during the 1998-1999 winter could be classified as bimodal. The intrusion started with a southern entry location (type 2), shifted to the north (type 3) and finally returned to the south (type 2). This intrusion did not form a distinct loop current as in the previous winter, but bifurcated into a jet located along the shelf break between the 100-m and 1000-m isobaths and an anticyclonic circulation southwest of Taiwan in mid-January 1999. This is in contrast with the previous year, when a type 2c intrusion formed (Figs. 4(b) and 5(b)). Towards the end of January 1999 the intrusion shifted to the south and a large loop current developed, centered near 21°N, 119°E and remaining stationary through February. The loop current retracts during March as the Kuroshio returns to its path across the Luzon Strait (type 1).
During the winter of 1999-2000 a type 2 intrusion produced a small anticyclonic circulation southwest of Taiwan (Label 1, Figs. 6(a) and (c) 1998-1999 and 1999-2000 . The intrusion quickly retreated at the end of December 2003. A type 2 intrusion developed and formed a large anticyclonic loop current toward the end of January 2004. By early February, a large anticyclonic eddy separated from the loop current and moved southwestward along the shelf break through February and March. This is similar to the type 2 intrusion during the winter of 1997-1998, except that this full intrusion occurred more than a month later in the season.
A type 2 intrusion formed an anticyclonic eddy during the first week of December 2004 that elongated to form a loop current during the second week of December. The loop current continued to elongate and formed an anticyclonic (type 2) eddy by the end of December. The intrusion retracted into a type 3 northern intrusion, formed a cyclonic eddy paired with the detached eddy, and translated to the southwest along the shelf break. A second type 2 intrusion appeared in mid-January and formed a loop current (type 2b), but did not form a detached eddy.
Northern intrusions (type 3)
Northern intrusions occurred during the winters of 2000-2001, 2001-2002 and 2002-2003 A northern intrusion appeared near the end of December 2001 and formed a small cyclonic eddy southwest of Taiwan. This intrusion was initially similar to the intrusion described in Subsection 4.2. However, an anticyclonic eddy developed to the southwest during January 2002 centered at 117°E, 20.0°N. This pair of eddies produced a strong offshore flow that continued to draw cold shelf water into the basin. The eddy pair persisted throughout January and into February where the pair moved together to the southwest along the shelf break.
Interannual trend
The time-latitude plot of zonal velocity along 119.75°E (Fig. 7) that higher pigment biomass occurs in cold temperature anomalies. Strong southern intrusions are visible in daily and weekly averaged chlorophyll-a values. Unfortunately, the frequent cloud cover in the region inhibits the interannual tracking of mesoscale features. Monthly chlorophyll-a concentrations show a weak seasonal signal with increased concentrations during the winter. The monthly chlorophyll-a anomalies estimated from SeaWiFS confirm the SST cooling trend. The chlorophyll-a concentration was below average in the winters of 1998 and 1999 and above average through 2005. The decreasing trend in SST is complemented by an increasing trend in chlorophyll-a. The temperature drop in 1999 corresponds to the end of a warm event identified by Wang et al. (2002) using Reynolds weekly SST (Reynolds and Smith, 1994) . They suggest that this event developed from warm advection related to a stronger summer and weaker winter monsoons during 1997 and was maintained in 1998 by an anomalously deep thermocline. Although the warm event ended in the spring of 1999, the surface temperatures continued to cool through 2004.
Empirical orthogonal functions
Empirical Orthogonal Functions (EOFs) were computed for SST and SSHA to further investigate interannual variability in this region. The first mode of SST and SSHA clearly indicate the dominant seasonal cycle. The higher modes are used here to describe the interannual variability of the region.
Sea surface temperature
The first mode of SST (not shown) accounts for 93.5% of the variability. The nominal position of the 1994 1995 1996 1997 1998 1999 Kuroshio through the Luzon Strait is visible with a linear temperature distribution from the northwest to the southeast. This mode simply describes the seasonal surface heating of the region. The second mode (Fig. 9 ) accounts for 4.1% of the variability and represents the combined effects of the southern and northern intrusions of warm Kuroshio water into the region along with a cold cyclonic circulation in the basin to the southwest of the intrusion. This mode indicates that the intrusion occurs every winter with varying intensity. The second mode also shows the 1997-1998 warm event described by Wang et al. (2002) . This mode also shows stronger intrusions in the winter of 1998-1999, 1999-2000 and 2003-2004 
Sea surface height anomalies
The first mode of SSHA (not shown) accounts for 70.2% of the variability. This mode has a southwest to northeast slope that is opposite in phase to the first mode of SST. The sea surface height anomalies are high (low) along the coast of China in winter (summer). This is characteristic of the winter cyclonic circulation of the region and indicates a strong wind-driven setup along the coast of China. The second mode (Fig. 10) 
Surface Forcing
A variety of forcing mechanisms have been proposed for Kuroshio intrusions into the SCS including wind stress (Farris and Wimbush, 1996) , wind stress curl (Metzger and Hurlburt, 1996) , mesoscale instabilities (Metzger and Hurlburt, 2001) , and flow across the Luzon Strait (Sheremet, 2001) . Shaw et al. (1999) used principal component analysis to demonstrate the relationship between the first two modes of wind stress curl derived from NCEP reanalysis winds and sea surface height anomalies from TOPEX. Metzger (2003) determined that positive wind stress curl controlled the West Luzon Eddy but not the extent of the Kuroshio intrusion. Chapman et al. (2004) studied the effects of different forcing fields in a highresolution numerical ocean model of the SCS and determined that changes in the Kuroshio intrusion were primarily affected by the wind stress curl field.
Although wind stress is an important forcing mechanism in the SCS, accurate maps of surface winds are elusive. The orography of Taiwan and the Philippines com- bined with the narrow Luzon Strait dictate the spatial scales required to resolve the wind stress curl in the region. Metzger (2003) examined the effects of different wind forcing fields in a high-resolution numerical ocean circulation model of the SCS and found significant differences in climatological and numerical weather model wind stress curl fields.
Wind field characteristics
The mean wind field is dominated by the seasonal monsoons and is apparent in numerous wind products. Figure 11 shows the mean winter and summer wind and wind stress curl fields derived from 5 years of QuikSCAT data. These plots show the large-scale characteristics common among the different wind fields. The southwest summer monsoon has generally weak wind stress and uniform wind stress curl. The northeast winter monsoon has larger, generally uniform speed and direction and significant wind stress curl. The wind stress curl pattern exemplifies the need for high spatial resolution. The mountainous coastal regions produce a distinct pattern of alternating positive and negative curl that is not well resolved in numerical wind products. The northeast winter monsoon produces a strong seasonal directionality in the wind. Figure 12 shows the daily-averaged wind stress amplitude and direction at 20.5°N, 120.5°E, just west of the center of Luzon Strait. The wind stress at this central location is consistently from about 45° from October through February. The southwest summer monsoon produces winds that are weaker with a more variable direction from April through August. The relationship between surface winds and Kuroshio intrusions was evaluated using winds from NCEP, QuikSCAT and a blended product. Winds from QuikSCAT are accurate (Ebuchi et al., 2002) and resolve small scale features in the wind fields that are not present in numerical weather prediction models . A blended product (Milliff et al., 1999) is similar in the longterm average to the scatterometer-only data. The blending methodology (Chin et al., 1998) removes the swath sampling pattern using NCEP winds while preserving the characteristic of the scatterometer measurements. The winds are consistent with previous analyses (e.g., Farris and Wimbush, 1996; Chu et al., 1999b) .
We evaluated the wind stress criteria proposed by Farris and Wimbush (1996) using each of the fields. They proposed that the intrusion is determined by a time-integrated supercritical wind stress parameter (Ω). When the southward wind stress exceeds a four-day average of 0.08 N/m 2 , the time-integrated wind stress deflects the Kuroshio until the wind stress drops below the critical value. This criterion requires a significant, persistent meridional wind stress and is sensitive to the wind stress product evaluated. The NCEP winds were subject to lapses in meridional wind stress preceding an intrusion that prevented Ω from reaching a critical value. The QuikSCAT winds showed promising results. The three years with only northern (type 3) intrusions had the lowest value of Ω. The first of these (2000) (2001) indicated an intrusion in late February that was not identified in the SST or GV data. Although this parameter identified the three strong southern intrusions, the 2004-2005 data indicated a single intrusion only. The blended product showed similar results, but tended to shut down earlier, which produced a better result in 2000-2001. The curl patterns are consistent from year to year, primarily due to the consistency of the winter monsoon and the mountain ranges surrounding the Taiwan Strait. There is significant variability in the magnitude of the curl field. Between 1999 and 2005, southern intrusions are associated with larger positive and negative wind stress curl during December. In contrast, the weaker wind stress curl fields are associated with northern intrusions. The six wind stress curl anomaly maps for each December between 1999 and 2004 are shown in Fig. 13 . Unfortunately, the wind stress curl maps derived from QuikSCAT contain too much noise on smaller time scales to be used to accurately determine the onset of southern Kuroshio intrusions.
Discussion and Conclusions
We have analyzed the past eight winters between 1997-1998 and 2004-2005 when the SSHA and combined all-weather SST data overlap. The combined use of SST and SSHA data has substantiated the characteristic seasonal cycle of upper ocean mesoscale circulation associated with the summer and winter monsoons in the northeast SCS. Each of the types of intrusions suggested by HU (modes 1-2; Fig. 3 ) was observed in the satellite SST and GV data. EOFs identified seasonal circulation patterns related with surface heating and monsoon winds.
In addition to the types of intrusions described by HU, an additional weak intrusion was detected in the satellite data. The winter intrusion is further classified by the latitudinal position of the intrusion within the Luzon Strait. The intrusions that were identified in the northern part of the Strait produced short-lived cyclonic circulations that did not penetrate very deeply into the basin. In contrast, southern intrusions produced long-lived circulation patterns similar to those identified by HU. Strong southern intrusions were initially prevalent during the winters of 1997-1998 and 1998-1999 Shed eddies generally move west-and southwestward at about 10 km/day while mesoscale features drift at the β-drift velocity of about 5 km/day. Wind stress curl derived from QuikSCAT has been identified as a possible forcing mechanism. However, there are many forcing mechanisms affecting this region, including wind stress, mesoscale flow instabilities, and flow across the Luzon Strait.
The lack of accurate surface winds with adequate temporal and spatial resolution inhibits the evaluation of the interannual forcing of the region. Model winds such as those produced in the NCEP reanalysis have adequate temporal resolution, but lack spatial resolution required to resolve the wind stress curl variability in the Taiwan and Luzon Straits. Satellite winds from QuikSCAT have suitable spatial resolution, but do not provide the temporal resolution required to produce accurate daily gridded winds (Schlax et al., 2000) .
A combination of satellite measurements has been used to identify specific synoptic surface fronts and eddies in the northeast SCS. These features were used to analyze the interannual variability of Kuroshio intrusions through the Luzon Strait. The conditions during the past eight winters included strong penetration and eddy shedding, loop currents and leaping across the Luzon Strait with no penetration. Intrusions during this time period have been further categorized by location. Southern intrusions occur near the center of the Taiwan Strait and typically form anticyclonic loop currents that may form detached eddies. Northern intrusions are trapped along the coast of Taiwan and typically form weak cyclonic eddies. The available surface wind products do not provide adequate spatial or temporal resolution to determine the relationship between interannual wind stress or wind stress curl variability with the type of Kuroshio intrusion observed during winter. Longer time series of satellite data is necessary to identify the correlation between lo-cal and remote forcing on the variability of the Kuroshio Intrusion.
